PURPOSE
To evaluate the feasibility of renal diffusion tensor imaging and determine the normative fractional anisotropy and apparent diffusion coefficient values at 3 Tesla magnetic resonance imaging (MRI) using parallel imaging and free breathing technique.
MATERIALS AND METHODS
A total of 52 young healthy volunteers with no history of renal disease were included in the study. MRI examinations were performed with 3 Tesla MRI equipment, using six-channel phased array SENSE Torso coil. In all subjects, T2-weighted turbo spin echo and diffusion tensor imaging using single shot echo planar imaging sequences were obtained in the coronal plane with free breathing. Field of view, slice thickness, and slice gap values were identical for both sequences for anatomic correlation during analysis of diffusion tensor imaging data. Parallel imaging method was used with a SENSE factor of 2. Diffusion tensor parameters of the cortex and medulla were determined and the intra-and inter-observer measurement variances were calculated.
RESULTS
The mean fractional anisotropy of the medulla was significantly higher than that of the cortex, whereas the mean apparent diffusion coefficient of the medulla was lower when compared with that of the cortex. According to the two-sided paired samples Student's t test, the intra-and inter-observer measurements correlated well.
CONCLUSION
This study shows the feasibility of renal diffusion tensor imaging and repeatibility of diffusion tensor parameter measurements in 3 Tesla MRI.
equipped with a six-channel phased array SENSE Torso coil. In all subjects, T2-weighted turbo spin echo (TSE) (slice thickness, 3 mm; number of slices, 40; NEX, 2; TR, 2729 ms; TE, 68 ms; matrix, 300×432; acquisition time, 3.44 min) and DTI using single shot echo planar imaging (ss-EPI) (slice thickness, 3 mm; TR, 10 000 ms; TE, 60 ms; matrix, 100×132; voxel size, 1.67×1.65×3.00 mm; acquisition time, 6.12 min; NEX, 2; number of slices, 40; b, 0 and 700 s/ mm 2 ) sequences were obtained in the coronal plane during free breathing. The field of view (FOV), slice thickness and slice gap values were identical for both sequences to allow anatomical correlation during the analysis of the DTI data. The parallel imaging method was used with a SENSE factor of 2. The number of diffusion directions for the DTI sequence was 16.
DTI data analysis
Initially, DTI images were evaluated by one of the authors to decide whether the image quality was satisfactory for further analysis. In two subjects, there were intense motion artifacts, and these subjects were excluded from the study. For the remaining 52 subjects, no N/2 ghosting artifacts, eddy currents or significant distortions due to susceptibility were found. The DTI images of these subjects were accepted as having satisfactory image quality. All of the acquired datasets for the 52 subjects were transferred to the manufacturer-supplied software (PRIDE) for analysis. FA maps, ADC maps, and color maps were produced. The T2-weighted images were reviewed for anatomical guidance to discriminate between the cortex and medulla.
Two separate, freehand regions of interest (ROIs) were placed on the cortex and medulla of the upper pole, midzone, and lower pole of each kidney in each patient; this was performed twice by one of the authors and once by another author experienced in genitourinary imaging and DTI measurements (Fig. 1a) . The mid-coronal image was used during ROI placement. The mean FA and ADC values were determined for the cortex and medulla separately and compared between the two regions.
Statistical analysis was performed using Student's t-test, and P values of less than 0.05 were regarded as statistically significant. The inter-and intra-observer variations were determined using a two-sided, paired-samples Student's t-test. Tractography was performed using the streamlines fiber tracking algorithm. Anisotropy and angular thresholds were set in the range of 0.12-0.20 and 30-40°, respectively. The orientation of the kidney fibers in the cortex and medulla was evaluated using tractography. Red colors represented a right-left orientation, blue represents a cranio-caudal orientation, and green represents an antero-posterior orientation of diffusion. Changes in the intensity of the color represented different strengths of anisotropy.
The measurements were repeated using free hand ROI including the entire cortex and medulla (Fig. 1b) , again by two different radiologists. The first radiologist measured the FA and ADC of all the kidneys from the mid-coronal image using free hand ROI twice to determine intra-observer variability, and the second radiologist performed the same measurements once to determine inter-observer variability. Intra-and inter-observer variability were calculated using a two-sided, paired-samples Student's t-test.
Results
Two subjects were excluded from the study due to intense motion artifacts. Therefore, 52 healthy volunteers were included in the DTI analysis. For each of these volunteers, the DTI image quality was satisfactory for further evaluation. The measurements are abbreviated as number of studies have been published regarding DTI of the kidneys, and only one recently published study used a 3 T system (10) . The aim of this study was to investigate the repeatability of kidney DTI measurements in healthy volunteers through intra-and inter-observer variability using 3 T equipment and parallel imaging technology.
Materials and methods

Study population
Fifty-four young healthy volunteers with no history of renal disease, previous renal surgery, diabetes, hypertension, or any systemic disease potentially involving the kidneys were included in the study. The study population consisted of 31 male and 23 female subjects with a mean age of 34 years (range, 24-41 years). The study was approved by the local ethics committee. Informed consent was obtained from each subject prior to the MRI examination. The mean duration of the procedure was 14.5 min. All of the MRI examinations were performed in the fasting state to minimize artifacts, and fluid intake was restricted directly before the examinations.
MRI
MRI examinations were performed using a 3 T scanner (Intera Achieva, Philips, Best, The Netherlands) equipped with high-performance gradients with a maximum strength of 80 mT/m and a slew rate of 200 mT/m/ms, b a follows: ADC first/first and FA first/first represent the first measurements of the first observer; ADC first/second and FA first/second represent the second measurements of the first observer; and ADC second and FA second represent the measurements of the second observer when ROIs are inserted separately in the cortex and medulla. The mean ADC value of the cortex was significantly higher compared to the mean ADC of the medulla for all three measurements (P < 0.01).
Regarding FA values, the medulla was determined to be more anisotropic than the cortex. There was no significant difference among the FA and ADC values between the upper pole, midzone, and lower pole of the kidneys for all three measurements (P > 0.05).
For the cortex the mean ADC first/first (×10 - paired-samples Student's t-test showed no significant difference between the first and second measurements of the first observer (P = 0.089 for cortex, P = 0.083 for medulla) and the measurements of the second observer (P = 0.77 for cortex, P = 0.20 for medulla). The FA values for the cortex and medulla also showed no significant difference between the first and second measurements of the first observer (P = 0.81 for cortex, P = 0.50 for medulla) and the measurements of the second observer (P = 0.10 for cortex, P = 0.13 for medulla). The mean ADC and FA values for all three measurements are provided in detail in Table 1 .
The FA and ADC measurements were again made twice by the first and once by the second observer using the free hand ROI technique including the entire cortex and medulla, and these values were compared using the twosided, paired-samples Student's t-test. The globally measured mean FA first/first was 0.28±0.47, the mean FA first/second was 0.29±0.46, and the mean FA second was 0.28±0.48. There was no significant difference between the first and second FA measurements of the first observer (P = 0.92) and the measurements of the second observer (P = 0.66). The globally measured mean ADC first/first was 2.21±0.22, the mean ADC first/second was 2.22±0.18, and the mean ADC second was 2.23±0.17. There was no significant difference between the first and second ADC measurements of the first observer (P = 0.46) and the measurements of the second observer (P = 0.66). The FA and ADC values from the global measurements and their P values are displayed in Tables 2 and 3 . Fig.s 2 and 3 show the graphs of FA and ADC values for all subjects from the global measurements.
After the repeatability of the DTI parameters was confirmed, tractography was performed using the manufacturersupplied software and the streamlines fiber tracking algorithm. Tractography revealed a radially oriented direction of diffusion in the medulla that correlated well with the known ultrastructural features of the renal medulla (Fig. 4) .
Discussion
Imaging of the kidney with DWI has been the subject of much interest in recent years since it became technically available for intra-abdominal organs. The kidney is unique in its major function, the transport of water, and its water content is higher than any other organ in the body. Water transport primarily occurs in the tubules and includes reabsorption, dilution, and concentration. The kidney can be regarded as a good candidate for the DWI technique due to the high blood flow and water transport that will affect the diffusion parameters. First, we performed feasibility studies using different ac- have been performed with breath-hold or respiratory triggered techniques. We used a free breathing technique in our study similar to Thoeny et al. (5) and gained satisfactory results in terms of DTI image resolution. We propose that the use of a free breathing technique will enable diffusion MRI examination of kidneys in patients who are unable to cooperate with the breath-holding procedure. Hydration status is another important factor that may potentially affect the diffusion parameters. The results of a study by Müller et al. (11) showed decreased ADC values in the kidneys of dehydrated healthy volunteers that increased upon rehydration, and this difference was statistically significant. The increased ADC values after rehydration were attributed to the increase in glomerular filtration rate and increased osmotically driven water motion in the kidney. To decrease the inter-individual variation, fluid intake was restricted in our study prior to the MRI examination. Nevertheless, the relatively high inter-individual variations in the diffusion parameters of the kidney compared with other intraabdominal parenchymal organs can be attributed in part to the inevitable difference in hydration status.
Diffusion-weighted MRI has been applied to a variety of pathologic renal conditions, including parenchymal diseases, vascular pathologies and focal lesions. Verswijvel et al. (6) demonstrated restricted diffusion in renal infection based on the ADC values. In a study by Namimoto et al. (13) , ADC values were significantly decreased in acute and chronic renal failure (compared with normal subjects), and there was a linear correlation between the ADC value and serum creatinine level in the cortex. Yildirim et al. (12) observed decreased ADC values in the kidney in renal artery stenosis, and a strong correlation was detected between the ADC value and the degree of stenosis. DWI has also been used to evaluate renal allografts in transplant patients, and diffusion indices were reported to correlate significantly with serum creatinine concentrations (14) . Most kidney DWI MRI studies have had promising results when using this technique for the functional evaluation of the kidneys. A limited number of studies exist regarding DWI in focal renal lesions (4, 15) . In general, malignant and solid lesions have lower ADC values than benign and cystic lesions. Kim et al. (15) found the lowest ADC values in angiomyolipoma and renal cell carcinoma in a study including a variety of focal renal lesions, including cysts.
DWI performed only in one direction can possibly result in the loss of important data in terms of the anisotropy for certain tissues. Basic anatomical components of the kidney such as the collecting tubules and ducts, which have an essentially radial orientation in the medulla, can be best evaluated using DTI, which (unlike DWI) is capable of detecting anisotropy through the analysis of diffusion along at least six directions. Initially, Ries et al. (9) applied DTI to the kidneys of 10 healthy volunteers using a 1.5 T MRI system and an ss-EPI sequence. The mean FA value of the cortex and medulla were found to be 0.22±0.12 and 0.39±0.11, respectively, which show good correlation with our results. In 2008, Notohamiprodjo et al. (8) performed renal DTI using a 1.5 T system in healthy volunteers and patients with renal pathologies. In the healthy volunteers, consistent with the previous study and our results, the medulla was found to be more anisotropic with higher FA values than the cortex. The FA value of solid tumors was significantly higher than that of simple cysts, but renal cell carcinoma showed a wide range of FA values. In another study by Kataoka et al. (16) , different parameters were applied for the optimization of renal DTI using 1.5 T MRI. Five sequences with different parameters including slice thickness, b values, respiratory triggered acquisition and multiple breath-holding were compared. Similar to our study, the FA of the cortex was found to be lower and the ADC higher than the medulla in all sequences. They used two b values (200 and 400 s/mm 2 ) and observed that the higher b value was superior in accurately measuring diffusion and minimizing the effect of perfusion. ADC values show a decremental course with increased b values. When low b values are used (e.g., <100 s/mm 2 ), ADC results are influenced by intravoxel coherent motion and are improved. In addition, it has been shown that the standard deviation in ADC values is greater when smaller b values are used (16) . While deciding the b value in this study, we considered the ADC of the kidney. The optimal b value is calculated as: 1/ (ADC) = b value, which is within 1% of the theoretical optimal value. From previous studies, the ADC of the normal kidney has been reported to have a spectrum from 3.00 to 1.50×10 −3 mm 2 /s. With the above mentioned data, b values in the range of 300-700 s/mm 2 appear appropriate for renal DTI (3, 10) . In a study by Thoeny et al. (5) , when low b values were used for diffusion-weighted imaging, they found no significant difference between the ADC values of the cortex and the medulla in healthy kidneys; this result has been attributed to the effect of higher true diffusion in the cortex being counteracted by the greater anisotropy that results from the radial orientation of medulla structures. There was a significant difference among ADC values of the cortex and medulla in a high b value group (5). With high b values, the effect of perfusion is cancelled out, and the ADC value reflects mostly diffusion. The lack of a significant difference in ADC values with low b value has been attributed to the cancellation effect of the higher anisotropic features of the medulla over the 'true diffusion' in the cortex (10). For the above-mentioned reasons, the b value was selected to be 700 s/mm 2 in our study.
To decrease the acquisition time and artifacts associated with diffusion imaging, parallel imaging was used in this study. Parallel imaging also results in changes in the background signal intensity such that measurements of the signal-to-noise and contrast-to-noise ratios (SNR and CNR) would not be precise. For this reason, no such measurements were made in our study.
Modern 3 T MRI systems with higher SNR values are known to provide better spatial and temporal resolution and to allow DWI and DTI examinations to be completed in shorter time periods than in weaker magnetic field systems. Although susceptibility artifacts are theoretically increased, parallel imaging technology (used in our study) helps to overcome this problem and provides superior images. These technical advances have allowed for the acquisition of DTI in intra-abdominal organs with satisfactory image quality.
Recently, the feasibility of renal DTI with 3 T MRI has been studied by Notohamiprodjo et al. (10) in 10 volunteer subjects. The medulla was found to be more anisotropic than the cortex, a finding consistent with previous studies. The volunteers were scanned using both 3 T and 1.5 T instruments, and the results were compared. According to the SNR and CNR measurements, they observed improved corticomedullary discrimination at 3 T, whereas the FA and ADC values were not significantly different. The inter-reader correlation was best when using a respiratory triggering technique rather than the breath-hold and free-breathing protocols.
There are some limitations of our study, the most important of which arises from the inevitable variations in the hydration status of patients. We have attempted to standardize this through water restriction before the MRI examination. Another important limitation is the use of a free-breathing protocol, but we believe that a demonstration of the feasibility of this technique will aid its application in patients who are unable to cooperate with breath holding protocols. Ideally, free-breathing and respiratory triggering techniques should have been compared in this study for complete optimization of the protocol for future studies.
Our study was aimed at showing the normative values and feasibility of renal DTI through intra-and interobserver variance in a 3 T MRI system using the free-breathing protocol. To our knowledge, this study contains the largest series of renal DTI of healthy volunteers performed in high magnetic field MRI and demonstrates a good correlation among readers.
In conclusion, kidney DTI performed with high magnetic field systems is feasible, and we believe that it is a promising tool for the evaluation of focal renal lesions and functional status of the kidney in diffuse parenchymal pathologies.
